In recent decades, because of the massive destruction of old structures, a large amount of construction and demolition (C&D) waste has been produced. These waste materials have the greatest volume and weight among solid waste with many environmental problems. Reusing them in concrete as substitute to virgin aggregates is considered an efficient practice unless significant mechanical properties and workability degradation occurs. In this study, the effect of different concentrations of C&D waste (0%, 10%, 20%, 30%, and 50%) as coarse aggregates on workability, compressive, tensile, and flexural strengths was investigated at the water-to-cement (W/C) ratios of 0.40, 0.45 and 0.50. The strengths were measured at the ages of 7 and 28 days. The results proved that C&D waste has no significant effect on compressive strength, while its negative impact on workability was palpable. With respect to tensile and flexural strength, just 50% of C&D waste led to significant reduction.
Introduction
Population growth has led to dramatic construction activities growth in big cities, and due to increased demand for residential land, the urban areas have had extensive development. Consequently, the amount of construction solid wastes has increased and municipalities and local governments have faced environmental problems due to lack of land to dispose them. On the other hand, most of the landfills are often in the outskirts of the cities [1] and a large portion of construction debris is dumped near roads and rivers in an uncontrolled way. Not only does this create ugly landscapes, but it also intensifies underground water and soil pollution, deforestation, erosion, and the flood hazard in the region.
Recycling these waste materials to fabricate standard products such as structural or non-structural concrete can tackle one of the crucial environmental issues with regard to solid waste materials management. It is estimated that 40% of the total energy and 50% of the total natural resources are used in construction activities [2] . Thus, disposing them carelessly involves dismissing huge amount of energy as well as natural resources. However, since the most of lands in the county of Iran are rich alluvial soil, which is the source of coarse and fine aggregates, there are plenty of virgin aggregates and the interest in recycling of C&D waste materials is low.
The advantages of recycling C&D waste materials are natural resources preservation, decreased need for disposal sites, and air pollution reduction [3] . Many studies have shown recycled waste materials can be beneficial in terms of greenhouse gas emissions because recycling eliminates CO 2 gas emissions from landfills and due to the process of extraction of aggregates from natural mines [4] . Moreover, the depletion of non-renewable resources has made the use of recycled materials more demanding.
In order to reuse C&D materials as aggregates, components such as plastics, metals, plaster, and wood need to be removed from them before crushing into small pieces 1 3 29 Page 2 of 11 and application as aggregates in concrete or asphalt production [5, 6] . In recent years, several researchers have studied the use of recycled aggregates as substitute for natural aggregates in concrete production [7] [8] [9] [10] [11] . However, the results of the researches vary with the source of recycle aggregates variation. The composition of C&D materials, the quality of them, and the percentage of virgin aggregates replaced by recycled ones affect the properties and performance of the concrete.
Furthermore, in order to comprehensively assess the influence of specific C&D materials under study on properties of concrete, it is crucial to not only incorporate important influential factors to manipulate with them, but also consider all conventional properties of the fresh and hardened concrete. Therefore, under various conditions, it is possible to understand which combinations of conditions have no negative effect on properties and, subsequently, are acceptable. A valid investigation of such selection of combinations must involve statistical analysis since all testing results are prone to errors. Although many studies have been conducted on characteristics of concrete containing C&D waste materials, there are lack of studies with respect to statistical analysis that included all important factors and properties. This is of great importance as we can find confidently which conditions have significant (meaningful) negative and/or positive significant influence on both strength and workability.
Therefore, in this study, the interaction of W/C ratio(s) and C&D waste concentration(s) based upon workability, compressive, tensile, and flexural strengths was determined using statistical analysis. Workability and the aforementioned mechanical properties of concrete were studied with respect to three variables: curing time, percentage of C&D waste materials, and water-to-cement ratios. These properties were examined at curing ages of 7 and 28 days; water-to-cement ratios of 0.4, 0.45, and 0.5; and five different percentages of 0%, 10%, 20%, 30%, and 50% of recycled coarse aggregates substituting the natural aggregate. After performing the tests at different combinations of conditions, statistical analysis was conducted to assess if the effect of each variable is significant or not.
Bearing in mind that natural resources are depleting and environmental problems are becoming more under scrutiny, there is a fast growing trend in recycling of C&D waste materials [12] . Yet, it was clarified that, from source to source, properties of concrete containing C&D materials differ, so general conclusion cannot be drawn. The finding of this study reveals an approach that can be applied for any C&D materials and let engineers find combinations of effective factors that lead to no degradation in important properties of fresh and hardened concrete.
Literature review
Rougher shape of recycled aggregates (RA) compared to virgin aggregates (VA) causes some changes in workability. According to the research work by Eckert and Oliveira [1] , even if recycled materials are pre-saturated, there is a potential in workability reduction due to the high shape index of recycled materials. Mas et al. [13] observed that slump decreased 66% by 50% replacement of RA.
The most important feature for evaluating the structural performance of concrete is compressive strength [4] . Although in some cases increases in compressive strength were observed [14] , the compressive strength of concretes containing RA is usually lower than those containing VA [15, 16] . Such inconsistency in compressive strength relies on the type and concentration of RA, water-to-cement ratio, and aggregates moisture condition [17, 18] . Castro and de Brito [19] used glass waste as coarse and fine aggregates in concrete, and the results showed that 20% replacement of coarse and fine VA by RA leads to 3% and 14% decreases in compressive strength, respectively. Thus, the impact of fine replacement on compressive strength is more detrimental compared to coarse replacement. Anderson et al. [20] evaluated the compressive strength of concretes containing three different types of ceramic waste as coarse aggregates at concentrations of 20%, 25%, 35%, 50%, 65%, 75%, and 100%. It was proved that ceramic can be a suitable alternative for virgin aggregates with minimal changes in compressive strength and other mechanical properties of concrete. Carneiro et al. [18] carried out a research on the influence of the replacement of coarse VA with coarse RA on the mechanical strength. The concretes produced by combining C&D waste materials and VA were found capable of increasing the strength at 25% of RA. Roa et al. [21] obtained results indicating losses of 15-20% in tensile strength for total replacement.
Material

Virgin aggregates (VA)
The virgin aggregates used in this study were siliceous that were supplied from a local quarry. As shown in Fig. 1 , the gradation of fine and coarse natural aggregates with maximum size of 22 mm was selected so that they fall within upper and lower limits of Iran concrete standard. The fineness modulus was 3, and the percentage of particle size smaller than 0.075 mm (sieve #200) was less than 5%, which meets the specifications of the national standard [22] . 50% of coarse aggregates and 50% of fine aggregates were blended to reach a particle size distribution reasonably close to 0.45 power curve which is known as the maximum density line (MDL) (Fig. 2) . The closer the gradation curve to the MDL, the more packed the aggregate and, consequently, the less the cement to reach a target air void.
Recycled aggregates (RA)
The recycled aggregates (RA) were provided from a landfill located in Qom, Iran. This landfill is located in the east of Qom and most of sectors in this part of city are new; therefore, the ages of construction debris are not certainly more than 50 years.
The C&D debris shown in Fig. 3 contains a mixture of 50% concrete, 44% brick, 4% ceramic, and 2% glass by the weight of total mixture. After removing the materials other than the four aforementioned components, the C&D waste materials were crushed using a laboratory size jaw crusher. The crushed RA were then sieved, and the retained on the sieves with sizes ranging from 10 to 25 mm were blended so that the obtained gradation complies with that for coarse VA. Therefore, replacing coarse VA with RA did not violate the gradation.
Physical properties of VA and RA are listed in Table 1 . Water absorption of RA is quite higher than that of VA. This is mainly due to the greater permeable pores and cavities of RA compared to VA. In order to enhance workability, the recycled materials were pre-saturated. Furthermore, the abrasion resistance of VA is higher than RA since the cohesion of VA as a homogeneous substance is greater than that of RA, which is a composite. It can be inferred from abrasion and absorption that, supposedly, the concrete mixture containing RA has lower durability; however, the aim of the present research is not to investigate it. 
Portland composite cement
Portland composite cement (PCC) type I (general use) was used in this study. It has a 28-day compressive strength of 325 kg/Cm 2 , and its specific gravity is 3.14 g/cm 3 . 
Research approach
Mix design and sample preparation
There are five different RA contents including 0, 10, 20, 30, and 50% that each percentage was prepared at 3 W/C ratios of 0.4, 0.45, and 0.5, so, as indicated in Table 3 , it comprises 15 types of concrete. Proportioning of concrete mix was carried out based on volumetric properties for nonair-entrained concrete. The weight of each component of various concrete types in one cubic meter volume of concrete is given in Table 2 .
To investigate the effect of recycled aggregates on compressive strength of concrete, 90 cubic 150 × 150 × 150 mm specimens were fabricated. Being extracted from molds after 24 h, half of the specimens underwent a curing period 7 days and the rest 28 days in water bath at room temperature of 25 ± 3 °C. Similarly, 150 × 300 mm cylindrical specimens for tensile strength test and 100 × 100 × 500 mm beam specimens for flexural strength test were prepared and cured for 7 and 28 days.
Testing program
The tests that were performed on the different types of concrete mixtures included slump, compressive, tensile, and flexural strength tests. The slump test was implemented on fresh concrete right after mixing based on ASTM C143. The concrete compressive, tensile, and flexural strength tests were performed according to BS 1881-116, ASTM C496-96, and ASTM C1018 standards, respectively. For each type of the concrete mixture, the average strength of three replicates was reported as the results for compressive, tensile, and flexural strength tests.
Statistical analysis
Statistical analysis helps to assess what factors (X) influence a specific response (R) significantly, i.e., the variation in response values as a result of independent variable change from "a" to "b" is not slight and due to experimental errors. In the sensitivity analysis, if the effect of one factor (variable) on the responses is significant, it should be considered as an effective factor. In the present research, factorial experiment was designed in order to find the increment(s) of levels, if any, within which each factor is potentially significant. In factorial experiment, each factor (i) can have several levels (m i ). Thus, the number of factorial design (N) can be computed by Eq. (1): where n is the number of factors.
The variance of each condition ( S 2 j ), which means variance of responses (observations) for the factors with specific values (levels), was calculated. Notably, there are total conditions of N. Also, the pooled observation variance ( S 2 p ) is defined as the variance of the total observations and can be calculated using Eq. (2):
There are two types of effect that can be examined in statistical analysis: (a) The main effect (ME) which is the average effect of the difference in response due to changing one variable while holding the other constant. (b) The interaction effect (IE) which is the average effect of the difference in response due to changing more than one variable.
In order to understand the main effect of the factor X 1 , for instance, on the response R 1 when a specific increment occurs in X 1 (changing from level "m" to level "n"), Eq. (3) can be used to determine the difference in response:
All the observations are divided into two parts: those with X 1 = level n and others with X 1 = level m. The means of them are computed and inserted in Eq. (3).
On the other hand, in order to understand the interaction effect of the factors X 1 and X 2 , for instance, on the response
R 1 when a specific increment occurs in X 1 and X 2 (changing from level "m" to level "n" and from "k" to "l", respectively), any of the formula presented in Eq. (4) can be used to determine the difference in response:
Observations of the two parts that ME causes are restricted to those satisfying the term after the sign "|".
Having S ) can be computed by Eq. (5), and since each effect is a linear combination of the same all observations, the variance of all effects and the interaction effects is the same.
The null hypothesis assumes a normal distribution for the effects a mean equal to zero (μ eff . = 0). The null hypothesis is tested by calculating t-value of ME or IE using Eq. (6) and comparing the result with t-value limit on the basis of 95% confidence level from t-table. If the calculated t-value is greater than the t-value limit, the effect is significant.
where E can be ME or IE and S eff. is the square root of S 2 eff.
. In this study, the effects of three independent explanatory variables (factors) on four response variables were analyzed separately. The response variables were compressive strength (R 1 ), tensile strength (R 2 ), flexural strength (R 3 ), and slump (R 4 ) of concrete. Main and interaction effects of three factors including curing time (E 1 ), percentage of C&D waste (E 2 ) at, and W/C ratio (E 3 ) were examined at levels of 7 and 28 days; 0, 10, 20, 30, and 50% concentrations; and 0.4, 0.45, and 0.5 ratios, respectively. Thus, using Eq. (1), there are 2 × 5×3 = 30 conditions and the t-value is equal to 1.699 (t 29,0.5 = 1.699).
Results and discussion
Properties of fresh concrete
Workability
The slump test was performed to evaluate the workability of concrete containing C&D waste materials. It is of great importance for conveyance, placement, and finishing (4)
of fresh concrete. W/C ratio of 0.26 provides sufficient water for hydration; however, despite negative impact on strength and durability of hardened concrete, greater W/C is required and applied for workability purposes. As shown in Fig. 4 , the workability increases with the increase in W/C ratio increase, while the addition of RA decreases it. The reduction in workability with RA increase is due to several factors; the greater surface and rougher shape of RA compared to VA provide more inter-particle frictional resistance between particles of recycled concrete which subsequently reduces workability. Also, more voids in RA increase the water absorption of this concrete and lead to less workability [23] . During the mixing, recycled aggregates to some extent turn into smaller particulars. These fine particles with higher surface area tend to absorb greater amount of water than coarse aggregates, so workability decreased with their increase.
Properties of hardened concrete
Compressive strength
Compressive strength of concrete is the most fundamental and comprehensive property of hardened concrete from which other properties such as tensile strength and elastic modulus can also be estimated. As shown in Fig. 5 , the incorporation of RA in the concrete causes a reduction in compressive strength at all ages. The decrease in strength is observed with increased percentage of RA and water-tocement ratio. It is well established that higher W/C results in lower compressive strength because of higher air voids after hardening. Also, concrete gains strength with aging as cement hydration continues to the end of the concrete life. C&D waste materials have both negative and positive influence on compressive strength, and depending on which one prevails, the overall impact of them on strength can be an increase or a decrease.
The high absorption of water in RA, the poor adhesion between RA, old mortar, and cement paste, which causes transverse cracks in concrete, and the presence of a poor porous mortar around the aggregates are among the RA properties that reduce compressive strength [24] . The surface of recycled concrete aggregates, which constitute half of the RA by weight in this study, is the location for weakness and prone to cracking because of interfacial transition zone between old mortar and new one. This weakness can be a more determinative factor than the strength of the mortar in the compressive strength of the concrete containing RA. Moreover, during mixing RA tend to crumble into finer particles and make the gradation of the concrete mixture finer which, subsequently, causes declining in concrete strength. On the other hand, RA has higher pores and cavities than VA and the cement paste deeply penetrates into its voids which provide interlocking and better bonding between cement paste and RA. This positive effect of RA on compressive strength superposes with the aforementioned negative ones. Generally, the reduction in compressive strength is not noticeable up to 50% replacement [25] .
Comparing Fig. 5a with b, it can be observed that the decrease in strength with C&D waste increase becomes more severe at the age of 28 days compared to 7 days. Furthermore, from Fig. 5a , b, it can be inferred that the 28-day strength decreases slightly from W/C = 0.45 to W/C = 0.5, while the change in slump is favorable. Therefore, an increment of 0.5 from 0.45 to 0.5 is recommended if there are workability issues.
Tensile strength
The tensile strength of concrete is far lower than its compressive one. With regard to structural analysis, steel bars are responsible for carrying tensile load and the role of concrete is neglected. However, its tensile strength is important for thermal and shrinkage cracking resistance. It was indicated that, in condition of 50% RA and 28 days, tensile strength loss is less than 10% in comparison with the control mixture without RA [16] . However, it cannot be true for all types of VA and RA. As shown in Fig. 6 , similar to compressive strength, introduction of RA into concrete leads to tensile strength reduction, and with the percentage of replacement increasing, there is lower tensile strength. Moreover, although the 28-day tensile strength of 0.45 and 0.5 W/C ratios at the two extremes, i.e., 0 and 50%, are approximately the same, 10, 20, and 30% show different values like which is unlike compressive strength trend.
Flexural strength
The flexural strength incorporates both tensile and compressive properties of concrete. It describes the resistance of the structural members under moment loading. The moment increases until the lowest part of the bending beam reaches its strength and the rupture initiates. After that, the flexural capacity of the beam decreases due to effective cross section reduction. The maximum load in three-point bending beam test is defined as the flexural strength. Ahmadi et al. [6] proved that the flexural strength of concretes with different percentages of RA is greater than that without RA due to better adhesion between RA and cement paste. However, this result is in contradiction with the results illustrated in Fig. 4 
Statistical analysis
In order to assess the influence of a factor or several factors on a response, it is vital to conduct statistical analysis. In this study two-level factorial design was used. The detrimental or beneficial impact of a factor might not be considered as significance once further investigation is done by factorial statistical analysis. 
Two levels of increment in C&D waste
Four levels of increment in C&D waste
The results of statistical analysis are given in Table 3 addressing one, two, three, and four levels of increment in C&D waste content, respectively. The results show that the effect of curing time (E 1 ) on compressive strength, tensile strength, and flexural strength is significant regardless of W/C ratio and C&D waste content. Moreover, the W/C ratio (E 3 ) has a significant effect on slump except for C&D waste: 0-50%, W/C: 0.45-0.5. It is well established that the curing time has a substantial effect on the strengths, and with an increase in curing time, strength increases considerably. It is also true for concrete mixtures containing RA. Also, changes in W/C ratio have a significant effect on slump within 0.4-0.5, and with an increase in water-to-cement ratio slump increases remarkably.
The sensitivity analysis indicates that, for 0-10%, 0-20%, and 0-30% replacement, both 0.4-0.45 and 0.45-0.5 W/C ratios result in a significant effect on slump. C&D waste materials have no significant influence on compressive, tensile, and flexural strengths until four levels of increment in their content. For 0-50% replacement, W/C ratio increases of 0.4-0.45, 0.45-0.5, and 0.4-0.5 lead to a significant effect on tensile and flexural strength. In contrast, C&D waste materials even in their most intense variation in level, i.e., from 0 to 50%, have no significant influence in compressive strength.
It can be concluded from statistical analysis that RA has a great impact on workability. This is due to the rough surface texture of RA with more pores and cavities compared to VA. Not only does the rough texture of RA absorb more water than VA, it also increases the friction between particles. Therefore, less effective water for lubrication and greater friction as a result of RA addition result in significant slump reduction.
Conclusion
In this study, the use of construction and demolition debris as a replacement for coarse aggregates in concrete was evaluated with regard to workability, compressive, tensile, and flexural strengths. The results indicated that the use of recycled aggregate (RA) has a significant negative effect on workability. Although the addition of RA decreases compressive strength, the strength reduction is not significant even by comparing the highest RA replacement with the lowest one. Since the effect of W/C ratio from 0.4 to 0.5 is not significant on compressive strength, higher W/C ratio can be used in order to compensate the slump decrease due to RA application.
With respect to tensile and flexural strengths, just the highest RA content change from 0 to 50% can make an influential decline in them. All in all, it can be concluded that construction and demolition (C&D) waste materials are a suitable surrogate for natural virgin aggregates up to 50% and up to 0.5 of W/C ratio can be applied to mitigate the negative impact of them on workability.
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